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We have investigated the magnetoresistance (MR) and Hall resistivity properties of the single
crystals of tantalum sulfide, Ta3S2, which was recently predicted to be a new type II Weyl semimetal.
Large MR (up to ∼ 8000% at 2 K and 16 T), field-induced metal-insulator-like transition and
nonlinear Hall resistivity are observed at low temperatures. The large MR shows a strong dependence
on the field orientation, leading to a giant anisotropic magnetoresistance (AMR) effect. For the field
applied along the b-axis (B ‖ b), MR exhibits quadratic field dependence at low fields and tends
towards saturation at high fields; while for B ‖ a, MR presents quadratic field dependence at low
fields and becomes linear at high fields without any trend towards saturation. The analysis of the
Hall resistivity data indicates the coexistence of a large number of electrons with low mobility and a
small number of holes with high mobility. Shubnikov-de Haas (SdH) oscillation analysis reveals three
fundamental frequencies originated from the three-dimensional (3D) Fermi surface (FS) pockets. We
find that the semi-classical multiband model is sufficient to account for the experimentally observed
MR in Ta3S2.
INTRODUCTION
The recent discovery of Weyl and Dirac semimetals
(WSM/DSM) has attracted much attention in condensed
matter physics and material science [1–11]. These mate-
rials, having a linear dispersion at the crossing of the
valence and conduction bands near the Fermi energy,
can be considered as three-dimensional (3D) analogues
of graphene [12]. By breaking either time-reversal sym-
metry or inversion symmetry, DSM can also evolve to
WSM and the Weyl nodes with specific chirality can be
viewed as the magnetic monopole in momentum space
[13]. The WSM has been classified into two types [7, 14].
The type I WSM exhibits ideal conical Weyl cone with
Lorentz symmetry. While in type II WSM, the Weyl cone
is extreme tilted and Lorentz symmetry is violated. Ex-
perimentally, Fermi arc has been detected by the angle
resolved photoemission spectroscopy (ARPES) measure-
ments for both two types of materials [9, 10, 15, 16],
while the negative longitudinal magnetoresistance (MR)
has been observed only for the type I WSM [8, 17, 18]. Al-
though some exotic properties like novel anomalous Hall
effect (AHE) has been theoretically predicted for the type
II WSM [19], it is not experimentally verified yet. It re-
mains an important challenge to find more new materials
and to study the unusual magnetotransport properties
and the unique electronic structure.
Tantalum sulfide Ta3S2 was predicted to be a robust
type II WSM candidate with 8 Weyl nodes [20]. The
k-space separation between Weyl nodes of Ta3S2 is the
largest among the knownWeyl semimetal candidates. As
shown in Fig. 1(a), Ta3S2 crystalizes in an orthorhombic
structure without inversion symmetry, which is the key
to realizing the Weyl semimetal state. Transport prop-
erties of polycrystalline Ta3S2 have been reported a few
decades ago, which show a semimetal behavior with MR
up to about 100% at low temperatures [21]. In this work,
we have successfully grown the single crystals of Ta3S2
and performed the magnetotransport studies. We found
a large positive MR = [ρxx(B)−ρxx(0)]/ρxx(0)×100% up
to 8000%, which is about two orders of magnitude higher
than that of polycrystalline samples. The MR shows a
strong anisotropic behavior when the magnetic field is
rotated in the ab-plane. Hall resistivity measurement in-
dicates that hole-type carriers with very high mobility
dominate the transport properties at low temperatures,
and a two-band model is sufficient to describe the large
MR and its deviation from the quadratic field depen-
dence. The analysis of the Shubnikov-de Haas (SdH) os-
cillations also reveals three fundamental frequencies orig-
inated from the 3D Fermi surface (FS) pockets. All these
results reveal a complex electronic structure in Ta3S2.
EXPERIMENT AND METHOD
The single crystals of Ta3S2 were grown by the chemi-
cal vapor transport method [22]. Stoichiometric amounts
of TaS2 and Ta powders were sealed in a Ta crucible with
TaBr5 as the transport agent. The Ta crucible was then
sealed in an evacuated quartz tube and the quartz tube
was heated and kept at 1000 ◦C for 14 days before turn-
ing the furnace off. The obtained crystals were character-
ized by X-ray diffraction (XRD) on a PANalytical diffrac-
tometer with CuKα radiation at room temperature. MR
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FIG. 1: (Color online)(a) The crystal structure of Ta3S2 with
Abm2 space group. The brown-gray and yellow balls repre-
sent the Ta and S atoms, respectively. (b) The XRD pattern
of the Ta3S2 single crystal with (0k0) reflections. Inset: A
SEM image of a ribbon-shaped sample. (c)-(d) Temperature
dependence of ρxx under selected magnetic fields plotted on
semi-log scale for B ‖ a and B ‖ b, respectively. (e)-(f) The
derivative of resistivity ∂ρxx/∂T for B ‖ a and B ‖ b, respec-
tively. Tm and Ti are defined as the temperatures at which
the ∂ρxx/∂T vs. T curves change sign and take minimum,
respectively. (g) Magnetic field dependence of Tm and Ti.
and Hall resistivity measurements were performed using
a Quantum Design physical property measurement sys-
tem (PPMS).
The obtained ribbon-shaped crystals are 10 ∼ 15 mm
in length, 5 ∼ 10 µm in width, and 2 ∼ 5 µm in thick-
ness. Powder XRD measurement confirmed that the ob-
tained crystals crystalize in an orthorhombic structure
with Abm2 space group. The average Ta:S atomic ra-
tio determined by energy-dispersive X-ray (EDX) spec-
troscopy analysis is close to 3:2. Fig. 1(b) shows the
XRD pattern of a single crystal sample. All of the peaks
can be identified as the (0k0) reflections of Ta3S2. The
inset of Fig. 1(b) shows the scanning electron microscopy
(SEM) image of Ta3S2 with c-axis being the growth di-
rection of the ribbon.
RESULT AND DISCUSSION
We carried out the temperature dependence of the re-
sistivity ρxx measurements with magnetic field B parallel
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FIG. 2: (Color online)(a) Angular dependence of the MR
with keeping magnetic field perpendicular to the electric cur-
rent. The lower inset depicts the measurement configuration,
where φ is defined as the angle between the direction of the
magnetic field and the b-axis of the sample. The upper in-
set presents polar plot of the angular dependence of the MR
as the magnetic field is rotated in ab plane at 2 K and 9 T.
(b) MR with the magnetic field applied from perpendicular
(θ = 0◦) to parallel (θ = 90◦) to the electric current. The
lower inset depicts the measurement configuration, where θ is
defined as the angle between the magnetic field and the b-axis.
The upper inset shows polar plot of the angular dependence
of MR, where the magnitude is taken at 2 K and 9 T. (c)-(d)
Magnetic field dependence of MR at various temperatures for
B ‖ a and B ‖ b, respectively.
to the crystallographic a-axis and to b-axis, as shown in
Fig. 1(c) and (d), respectively. It is noted that in both
configurations, B is always perpendicular to electric cur-
rent I. At zero field, ρxx shows a metallic behavior with a
residual resistivity ratio (RRR) up to 30, which is much
higher than that of polycrystalline sample [21]. With
the application of magnetic field, ρxx is enhanced dras-
tically at low temperatures and shows a minimum, indi-
cating that this system undergoes a field induced metal-
insulator like transition. Remarkably, ρxx saturates at
very low temperatures, and leads to a resistivity plateau.
The magnetic field induced metal-insulator like transi-
tion and resistivity plateaus has been observed in many
semimetals, including the recent discovered compounds
likeWTe2, TaAs, LaSb, PtSn4 [8, 11, 23, 24] as well as the
well-studied elements like graphite and bismuth [25, 26],
but its underlying mechanism is still under debate. The
resistivity plateaus have also been observed in topologi-
cal insulators (TIs) such as Bi2Te2Se and SmB6 in which
the resistivity plateau is considered to originate from the
short-circuiting effect of the metallic surface state on the
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FIG. 3: (Color online)(a) The magnetic field dependence of
Hall resistivity ρxy at various temperatures. The inset shows
the experimental data of Hall conductivity at 2 K and the
fitted curve. (b)-(c) The temperature dependence of carrier
densities and carrier mobilities of electrons and holes obtained
by fitting Hall conductivity σxy. (d) The magnetic field de-
pendence of longitudinal conductivity σxx. The inset shows
the experimental data of σxx at 2 K and the fitted curve.
(e)-(f) The temperature dependence of carrier densities and
carrier mobilities of electrons and holes obtained by fitting
σxx.
bulk insulating state [27, 28]. To get a more clear view
of the exotic transport behavior, we plotted the deriva-
tive ∂ρxx/∂T curves at several magnetic fields in Fig.
1(e) and (f), respectively, where Tm and Ti are deter-
mined as the temperatures at which ∂ρxx/∂T versus T
curves change sign and take minimum, which correspond
to the temperatures of the emergence of metal-insulator
like transition and resistivity plateau in ρxx curves. The
magnetic field dependence of the Tm and Ti is shown in
Fig. 1(g). For both B ‖ a and B ‖ b, Tm increases rapidly
with increasing field, whereas Ti is almost unchanged
even at high fields. The tendency of the magnetic field
induced metal-insulator like transition for B ‖ b is larger
than that for B ‖ a. The metal-insulator like transi-
tion was tentatively ascribed to multiband effects in the
system with low carrier density and electron-hole com-
pensation [29], or an excitonic gap induced by magnetic
field [30]. However, none of the existing theories seem to
account for the saturation of the low temperature resis-
tance in a fixed magnetic field in semimetals.
The upper inset of Fig. 2(a) presents polar plot of the
angular dependence of the MR measured at 2 K and 9
T as the electric current flows along the crystallographic
c-axis, and the magnetic field is rotated in ab-plane. The
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FIG. 4: (Color online)(a) SdH oscillations after subtracting
background at 2-7 K for B ‖ b as a function of 1/B. (b) The
FFT spectra of oscillations at 2-7 K with three fundamen-
tal frequencies. (c) The oscillation amplitudes as function of
temperature with fitted curves. (d) Angular dependence of
the FFT spectra of the oscillations taken at 2 K by rotating
the field from parallel to perpendicular to b-axis. The dashed
lines are guides to the eyes.
lower inset depicts the measurement configuration, where
φ is defined as the angle between the direction of the mag-
netic field and the b-axis of the sample. This dipole-like
pattern indicates that the MR for magnetic field along
b-axis is much larger than that for magnetic field along
a-axis. Fig. 2(a) shows the field dependence of MR at dif-
ferent φ up to 16 T. A large MR up to 8000% is observed
for φ = 0◦. Near the zero field, MR presents a quadratic
field dependence before a linear behavior at moderate
fields, after which MR shows a tendency to saturation up
to 16 T. The obvious SdH oscillations indicate the high
quality of the sample. One can see that the SdH oscilla-
tions are suppressed remarkably as φ is increased. The
field dependence of the MR is also measured at 2 K by
tilting the magnetic field from perpendicular to parallel
to the applied current, as shown in Fig. 2(b). Dramatic
drop of the MR is observed but no tendency of negative
MR is detected up to 9 T for B ‖ I. The angular de-
pendence can be more directly seen in the upper inset of
Fig. 2(b), where the magnitude of the MR is taken at 9
T and 2 K.
Figure 2(c) and (d) show the magnetic field depen-
dence of MR at various temperatures for B ‖ a and B ‖ b
with keeping the magnetic field perpendicular to the elec-
tric current, respectively. In contrast to the high field
saturation of low temperature MR for the magnetic field
applied along b-axis (B ‖ b), MR exhibits quadratic field
dependence at low fields and becomes linear at high fields
4without any trend towards saturation for the field applied
along a-axis (B ‖ a). With increasing temperature, MR
drops off obviously for both two directions. Below 10 K,
obvious SdH oscillations are present in the MR curves
for B ‖ b above 4 T, while the SdH oscillations for B ‖ a
are very weak and present only above 10 T. The differ-
ence of the amplitude of the SdH oscillations between the
two directions indicates that the difference of the carrier
mobility and effective mass between the two directions.
To provide some clues to understand the exotic mag-
netotransport properties, we performed Hall-effect mea-
surement on the single crystal of Ta3S2. The magnetic
field is approximately along b-axis. Figure 3(a) and (d)
present the magnetic field dependence of Hall resistivity
ρxy and longitudinal conductivity σxx at several temper-
atures from 2 K to 300 K. At low temperatures, ρxy has
a positive slope in low field and a negative slope in high
field, suggesting the coexistence of two types of carriers.
At higher temperatures, the positive slope composition
gradually decays and the ρxy curves tend to be linear,
suggesting that electrons dominate the main transport
processes. All these are consistent with multiple hole-
and electron-like carriers as observed in other semimet-
als [6, 8, 31]. In a semiclassical two-band model, the Hall
conductivity σxy and longitudinal conductivity σxx are
expressed as [32, 33]:
σxy = [
nhµ
2
h
1 + (µhB)2
−
neµ
2
e
1 + (µeB)2
]eB, (1)
σxx =
eneµe
1 + (µeB)2
+
σxx(0)− eneµe
1 + (µhB)2
, (2)
Where ne (or nh) is the carrier density of electron (or
hole), µe (or µh) is the mobility of electron (or hole),
respectively. We find that, both of σxy and σxx can be
well fitted by the two-band model. The fitting curves for
T=2 K are shown in the inset of Fig. 3(a) and (d), re-
spectively. The carrier densities and mobilities obtained
by fitting σxy and σxx have same order of magnitude
and similar temperature dependent tendency, as shown
in Fig. 3(b), (c), (e), and (f). A good agreement be-
tween the fitting of σxy and σxx indicates that two-band
model is sufficient to describe the behavior of the field
dependent MR. Both of the mobilities of the two type
carriers decrease with increasing temperature. At T=2
K, the mobility of holes, µh ≃ 5 × 10
4 cm2 V−1s−1, is
larger than that of electrons µe by one order of magni-
tude. Furthermore, as the temperature decreases, the
electron density decreases and the hole density increases.
The two carrier densities tend to be close to each other
but have no possibility to compensate even at extreme
low temperature. Remarkably, our results suggest that
perfect electron-hole compensation is not be necessary
for the large MR in Ta3S2, and classical theory of mag-
netoresistance is sufficient to describe the quadratic field
dependence of MR at low fields and saturation of MR at
high fields as seen in normal metals [34].
SdH oscillations are proved to be a powerful tool in
the studies of topological quantum materials. Figure
4(a) shows the plots of oscillatory components ∆R versus
1/B at several temperatures, obtained by subtracting a
background from the R(B) isotherms. The fast Fourier
transform (FFT) analysis of these data yields three fun-
damental frequencies at about F1 = 46 T, F2 = 69 T,
and F3 = 140 T, and the weak peak at 94 T is the second
harmonics of F1, as shown in Fig. 4(b). The cyclotron
masses for the three frequencies can be obtained by fitting
the temperature dependent FFT amplitude using the
Lifshitz-Kosevitch formula [35]: A ∝ 2pi
2kBTm
∗/eB~
sinh(2pi2kBTm∗/eB~)
,
where kB is the Boltzmann constant and m
∗ is cy-
clotron mass. B is determined by the range of oscillation:
1/B = (1/B1 + 1/B2)/2, where 1/B1 and 1/B2 are the
up and down limits of 1/B. The fitting result is shown in
Fig. 4(c). The cyclotron masses for the three frequencies
are estimated to be 0.22me, 0.14me, and 0.23me, respec-
tively. The cross-sectional area of the FS can be obtained
by the Onsager relation [35]: F = (Φ0/2pi
2)AF , where F
is the FFT frequency, AF is the cross-sectional area of the
FS and Φ0 is the flux quantum. The cross-sectional areas
of the three frequencies are 4.4 × 10−3 A˚−2, 6.6 × 10−3
A˚−2, and 1.3 × 10−2 A˚−2, occupying 0.47%, 0.7%, and
1.4% of the cross-sectional area of the first Brillouin zone
(BZ), respectively. The small ratio of the cross-sectional
area of FS in the first BZ is the feature of semimetals.
Fig. 4(d) shows the FFT spectra of the SdH oscillations
measured at 2 K by rotating the field from parallel to
perpendicular to b-axis. We note that, F1 is almost un-
changed, indicating a spherical FS pocket. The other
two frequencies change monotonically with rotating the
magnetic field, indicating the ellipsoidal pockets.
CONCLUSION
In conclusion, we have successfully grown the single
crystals of Ta3S2, a robust type II WSM candidate.
Large MR and anisotropic MR are observed when the
magnetic field is applied perpendicular to current. The
temperature dependent resistivity shows the magnetic
field induced metal-insulator like transition and resistiv-
ity plateau at low temperature. The metal-insulator like
transition temperature increases rapidly with increasing
field, whereas the temperature of saturation of the resis-
tivity is almost independent with magnetic field. Hall re-
sistivity measurement reveals the high mobility of holes
without the compensation of electrons and holes. The
analysis of SdH oscillations reveals three FS pockets in-
cluding a sphere pocket and two ellipsoidal pockets. We
hope this work can provide valuable clues for further re-
search on Ta3S2 and other type II Weyl semimetals.
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